Perception of a stable visual world despite eye motion requires integration of visual information across saccadic eye movements. To investigate how the visual system deals with localization of moving visual stimuli across saccades, we observed spatiotemporal changes of receptive fields (RFs) of motion-sensitive neurons across periods of saccades in the middle temporal (MT) and medial superior temporal (MST) areas. We found that the location of the RFs moved with shifts of eye position due to saccades, indicating that motion-sensitive neurons in both areas have retinotopic RFs across saccades. Different characteristic responses emerged when the moving visual stimulus was turned off before the saccades. For MT neurons, virtually no response was observed after the saccade, suggesting that the responses of these neurons simply reflect the reafferent visual information. In contrast, most MST neurons increased their firing rates when a saccade brought the location of the visual stimulus into their RFs, where the visual stimulus itself no longer existed. These findings suggest that the responses of such MST neurons after saccades were evoked by a memory of the stimulus that had preexisted in the postsaccadic RFs ("memory remapping"). A delayed-saccade paradigm further revealed that memory remapping in MST was linked to the saccade itself, rather than to a shift in attention. Thus, the visual motion information across saccades was integrated in spatiotopic coordinates and represented in the activity of MST neurons. This is likely to contribute to the perception of a stable visual world in the presence of eye movements.
Perception of a stable visual world despite eye motion requires integration of visual information across saccadic eye movements. To investigate how the visual system deals with localization of moving visual stimuli across saccades, we observed spatiotemporal changes of receptive fields (RFs) of motion-sensitive neurons across periods of saccades in the middle temporal (MT) and medial superior temporal (MST) areas. We found that the location of the RFs moved with shifts of eye position due to saccades, indicating that motion-sensitive neurons in both areas have retinotopic RFs across saccades. Different characteristic responses emerged when the moving visual stimulus was turned off before the saccades. For MT neurons, virtually no response was observed after the saccade, suggesting that the responses of these neurons simply reflect the reafferent visual information. In contrast, most MST neurons increased their firing rates when a saccade brought the location of the visual stimulus into their RFs, where the visual stimulus itself no longer existed. These findings suggest that the responses of such MST neurons after saccades were evoked by a memory of the stimulus that had preexisted in the postsaccadic RFs ("memory remapping"). A delayed-saccade paradigm further revealed that memory remapping in MST was linked to the saccade itself, rather than to a shift in attention. Thus, the visual motion information across saccades was integrated in spatiotopic coordinates and represented in the activity of MST neurons. This is likely to contribute to the perception of a stable visual world in the presence of eye movements.
T he inhomogeneous visual resolution of the retina requires eye motion by saccadic eye movements to look around the environment. However, despite the frequent occurrences of saccades, humans are able to perceive the visual world as stable and continuous. Because each saccade changes the retinal locations of visual objects in the external world, the retinotopic representation of the visual scene in the brain must be overwritten by a new one according to each new eye position. One possible solution for the visual system to overcome such repetitions and to maintain perceptual continuity across saccades is to integrate the visual information before and after eye movement. As the neuronal correlate of the integration across saccades, so-called "remapping" of the visual scene has been reported in several visual areas, including the lateral intraparietal cortex (LIP), frontal eye field (FEF), and superior colliculus (SC). This emphasizes the predictive shift of the receptive field (RF) of the neuron to the location into which the developing saccade would bring the stimulus (1) (2) (3) (4) (5) (6) . However, the changes of the spatiotemporal characteristics of the RF have yet to be explored and are essential information for understanding the integration across the period of saccades.
To examine how the visual system deals with localization of moving visual stimuli across saccades, we carried out continuous observation of the RFs of neurons in the motion-sensitive cortical areas of monkeys: the middle temporal (MT) and medial superior temporal (MST) areas (7) . Single-unit activities were recorded while the animals performed fixation and saccade tasks in which a spatially stable moving stimulus was presented in various visual fields. The moving stimulus was presented for long (600 ms) and short (170 ms) durations to allow observation of spatiotemporal RF maps throughout the period of saccades and to examine possible RF-remapping across saccades, respectively.
Results
The activities of 187 neurons (141 in MST and 46 in MT) were studied in two monkeys. All of these neurons responded to a moving grating with directional selectivity. To locate the RF of each neuron, a moving grating was presented in a narrow vertical (or horizontal) strip at 1 of 20 locations divided horizontally or vertically ( Fig. 1 A and B) . The grating inside the strip was moved in each neuron's preferred direction (horizontal or vertical). To reduce the effects of retinal motion induced by the saccade itself, the RF was studied across the period of saccades that was parallel to the axis of the grating pattern.
MST Neurons Have Retinotopic Receptive Fields Even via Saccades.
Sample responses of an MST neuron are shown in Fig. 1 . The location of the neuron's RF defined by a moving random-dot pattern was close to the center of the screen but not covering the fovea, and had an area of about 17°× 18° (Fig. 1C) . In paradigm I, the grating pattern was displayed for 600 ms and in this case moved upward (Fig. S1A ) at 20°/s (Fig. 1 D-F) . Responses to the moving grating presented in a vertical strip at 20 locations (H1-H20, Fig. 1B) were observed. Fig. 1D shows the time course of the responses to the moving grating located at H1-H20, which reveals the spatiotemporal characteristic of the neuron's RF in the fixation task. The moving grating located at H7-H11 (inside RF) activated the neuron, but that outside the RF did not (at H1-H6, H12-H20). For example, when the strip with the moving grating was presented at H10 inside the RF, the neuron increased its activity ∼40 ms after the stimulus onset (Fig. 1D, Right) . The
Significance
We found that most medial superior temporal (MST) neurons, but no middle temporal neurons, increased their firing rates when a saccade brought the location of the visual stimulus, which had been visible only before the saccade, into their receptive fields (RFs): so-called "memory remapping." The distinctive feature of the MST neurons is that they did not respond to stimuli in their future RFs before the saccade, a response known as "predictive remapping." In other areas (e.g., lateral intraparietal cortex, frontal eye field), neurons showing memory remapping had been recorded together with neurons showing predictive remapping, consistent with their role in guiding goal-directed motor actions such as saccades. Our finding is understandable in the view that MST has a different role, which is to perceive the visual world.
RF location remained at the same place and the response magnitude and the RF size waned with the passage of time.
In the saccade task, when the fixation-target (FP1) was turned off, the saccade-target (FP2) and the moving grating were turned on at the same time ( Fig. 1 A and E) . Because the grating was displayed for 600 ms, it was visible throughout the periods before, during, and after the saccade. If the RF of the neuron is represented in retinotopic coordinates, a saccade would shift the location of the RF on the screen from RF1 (presaccadic RF in Fig. 1A ) to RF2 (postsaccadic RF in Fig. 1A) , following the shift of the eye position. Such a shift was observed in the responses of the neuron in Fig. 1 . When the animal fixated on FP1 and the strip with the moving grating was displayed at H7-H11 (inside RF1), the neuron increased its activity ∼40 ms after the stimulus onset, and then the responses waned before the saccade (Fig.  1E) . In contrast, when the strip with the moving grating was displayed at H10-H14 (inside RF2), the neuron increased its firing rate after the saccade. No responses were observed throughout the trials when the stimulus was placed outside RF1 and RF2, indicating that the saccade itself did not evoke any response in this neuron. The time course of the responses at H1-H20 shown in Fig. 1E indicates that the responses before the saccades were similar to those in the fixation task and that the shift of the RF location on the screen after the saccades was 10°, similar to the saccade size. As shown in Fig. 1F , the abrupt increase of the neuron's activity after the saccade is clearly seen when the responses were aligned at the onset of the saccades, which brought the strip with the moving grating at H10-H14 (inside RF2) into the RF. Furthermore, aligning the responses at the beginning of the saccades emphasizes the similarity between the spatiotemporal characteristic of the responses and the saccadic shift of the eye position. A similar shift of the RF location (leftward 10°) was also observed during 10°leftward saccades ( Fig. S1 B and C) . Thus, when the animal made a saccade, the RF location moved as if to follow the saccade, indicating that it was represented in retinotopic coordinates across the saccade. Similar results were observed in other MST neurons. After the saccade, almost all MST neurons (116 of 118) significantly responded to the stimulus in RF2 (two-sided Wilcoxon rank sum, P < 0.05; SI Text, Spatial Tuning Curves of the Neuronal Responses and Fig. S2 ), and the shift of its RF location on the screen was 9.6 ± 1.8°, similar to the saccade size (10°).
MST Neurons Remap Memory Trace Across Saccades. To test the assumption that neuronal responses after saccades simply reflect reafferent visual information, we carried out another fixation/ saccade task (paradigm II; Fig. 2A) , in which the moving grating was visible only before the saccades. In the fixation task, the responses of the neuron were similar to those to long-duration stimuli (in paradigm I; Fig. 1D ), except for the shorter duration (Fig. 2B ). In the saccade task, the location of the RF on the screen was expected to shift from RF1 to RF2 after the saccade ( Fig. 2A) . As in paradigm I, responses to the moving grating before the saccades were observed only when the strip was located inside RF1 (at H7-H11) (Fig. 2C) . However, the neuron transiently increased its activity after the saccades when the strip had been displayed inside RF2 (at H12-H14) and turned off before the saccades (Fig. 2 C and D) . That is, the neuron increased its activity when the location of the stimulus, which had preexisted on the screen, was moved into its RF by the saccade, even though the stimulus had already gone. When the responses were aligned at the beginning of the saccades, the neuron clearly responded to the preexisted stimulus after the saccade onset (Fig. 2D) . In paradigm II, most MST neurons (66 of 98) significantly increased their firing rate in RF2 after the saccades (twosided Wilcoxon rank sum, P < 0.05). It supports the assumption that the responses of MST neurons after saccades were evoked by a memory of the stimulus that had preexisted ("memory remapping"), although the amplitude of the neuronal response to the visual memory trace was weaker than that to the real stimulus (SI Text, Postresponse/Preresponse Ratio and Fig. S3) .
Considering a possible effect of phosphor persistence of the cathode ray tube (CRT) display, we conducted additional experiments by using a mirror galvanometer system. We recorded 23 neurons in MST and obtained consistent results with the CRT To examine whether memory remapping in MST is dependent on execution of the saccade itself or attention to the saccade target, we carried out a third saccade task (paradigm III). The monkey was required to perform delayed saccades, in which the saccade target (FP2) was turned on 300 ms before the stimulus onset and extinction of FP1 (Fig. 3A) . As a result, the monkey had to wait until extinction of FP1 to execute the saccade while paying attention to FP2 (8) . The moving grating was turned off before the saccade onset, as in paradigm II. When the monkey fixated on FP1 and the strip with the moving grating was displayed in RF1, the neuron increased its firing rate (Fig. 3B) . However, when the strip was displayed in RF2, no responses were observed before the saccades even though the monkey could anticipate the consequence of the intended saccades before appearance of the stimulus (Fig. 3B) . It supports the idea that memory remapping in MST is dependent on execution of the saccade itself. By aligning the responses at the saccade onset, the neuron's increased activity after the saccade was more pronounced (Fig. 3C) . In paradigm III, most MST neurons (31 of 42) significantly increased their activity in RF2 after the saccades (two-sided Wilcoxon rank sum, P < 0.05).
Thus, the RFs of MST neurons in memory trace were remapped along the trajectory of a saccade, so that the stimulus in the future RFs as defined by the saccade activated the neuron after the time of the saccade. Previous studies in other areas, such as LIP and FEF, found neurons increasing their activities in relation to visual stimuli presented in their future RFs before saccades, a process referred to as "predictive remapping" (1). However, we encountered very few neurons (2 of 135) that showed such predictive remapping before saccades in MST. Almost all MST neurons began to discharge in response to the moving grating in their postsaccadic RF (RF2) only after the saccade onset, and their responses to the moving grating before the saccades were observed only when the moving grating was located inside their presaccadic RF (RF1).
Spatiotemporal Receptive Field Map of MT Neurons. The results above indicate that MST neurons have retinotopic RFs across saccades and that the location of the RF on the screen moves with changes of eye position due to saccades. Furthermore, most MST neurons remap the memory trace across saccades, which is dependent on execution of the saccades. The MST receives most of its inputs from the MT, which is involved primarily in visual motion processing, and some MT neurons send outputs to FEF and LIP, which have activity related to the generation of saccades and remapping of their RFs. Therefore, we carried out the same tasks during recording of neuronal activities in MT. In Fig.  4 , sample RF maps of an MT neuron are shown. The location of the RF defined by a moving random-dot pattern was close to the center of the screen but not covering the fovea, and its size was <2°× 2° (Fig. 4A) . Because the RF straddled the border between H10 and H11, the moving grating displayed in both strips activated the neuron and the RF location remained at the same place during fixation (Fig. 4 B and E) . Similarly to the MST neuron in Fig. 1 , in paradigm I, saccades shifted the location of the RF on the screen following the shift of the eye position (Fig.  4 C and D) . It indicates that the MT neuron also has retinotopic RFs across saccades. In paradigm II, the responses to the moving grating presented in RF1 were similar in both the fixation and saccade tasks. (Fig. 4 E and F ). In the saccade task, no response was observed after the saccade, even when the saccade brought the location of the stimulus, which had preexisted, into the RF2 (Fig. 4 F and G) . Unlike most MST neurons, we did not find significant evidence of memory remapping for MT neurons. Actually no MT neurons responded to the preexisted turned-off stimulus in RF2 after the saccade in paradigm II (two-sided Wilcoxon rank sum, P > 0.05), although all of them (41 of 41) responded to the existing stimulus in RF2 after the saccade in paradigm I (two-sided Wilcoxon rank sum, P < 0.05).
Comparison Between MST and MT Neurons. Between MT and MST neurons, different response characteristics were observed when the moving visual stimulus was turned off before saccades (paradigm II). To quantify the neuronal characteristics for each neuron, we examined the "stimulus location" to which a neuron is sensitive during paradigm II. We applied a sliding-window receiver operating characteristic (ROC) analysis to the spatial tuning of responses obtained from individual trials throughout the period of saccades (Materials and Methods). Fig. 5A illustrates the time course of the area under the ROC curves (AUC) as a classifier for the stimulus in presaccadic RF (RF1) and postsaccadic RF (RF2). For both MT (n = 41) and MST neurons (n = 98), the AUC for RF1 increased after the stimulus onset and remained high before the saccade and then waned after the saccade. For MST neurons, but not MT neurons, the AUC for RF2 significantly increased after the saccade offset, supporting the idea that MST, but not MT, neurons remap the memory trace of the visual stimulus across the saccade. The median AUC from 50 to 100 ms after the saccade offset for the 98 MST and 41 MT neurons was 0.77 ± 0.19 and 0.47 ± 0.17, respectively (twosided Wilcoxon rank sum, P < 0.01; Fig. 5B ).
The distributions of response latencies shown in Fig. 5C brought out a further contrast between the responses of MT and MST neurons. The response latencies were measured from stimulus onset at RF1 and from saccade offset at RF2. In paradigm I, the median values of the former was 45.0 ± 12.2 (ms) and the latter was 40.5 ± 13.6 (ms) for the MST neurons, which were significantly different from each other (two-sided Wilcoxon signed rank, P < 0.01, n = 118). Actually, most MST neurons (82 of 118) had latencies from the saccade offset that were shorter than those from the visual stimulus onset. In contrast, for MT neurons, the median values of latencies measured from stimulus onset and those from saccade offset were 39.4 ± 11.3 (ms) and 50.4 ± 22.5 (ms), respectively, and the former was significantly shorter than the latter (two-sided Wilcoxon signed-rank, P < 0.01, n = 46). Although the latencies for the MT neurons measured from stimulus onset were significantly shorter than those for the MST neurons (two-sided Wilcoxon rank sum, P < 0.01), the latencies for the MST neurons measured from saccade offset were significantly shorter than those for the MT neurons (twosided Wilcoxon rank sum, P < 0.01). 
Discussion
We observed spatiotemporal changes of RFs of motion-sensitive neurons across the period of saccades in areas MT and MST and found that the motion-sensitive neurons in both areas have retinotopic RFs across the saccades. However, different characteristics in responses emerged when the moving visual stimulus was turned off before the saccades. For MT neurons, virtually no response was observed after the saccade, suggesting that the responses of these neurons simply reflect reafferent visual information, consistent with the previous findings (9, 10). In contrast, MST neurons increased their firing rates when a saccade brought the location of the visual stimulus into their RFs, where the visual stimulus itself no longer existed. This suggests that the responses of such MST neurons after saccades were evoked by memory of the stimulus that had preexisted in their postsaccadic RFs (memory remapping). A delayed-saccade paradigm (paradigm III) further showed that memory remapping in MST was linked to the saccade itself, rather than to an attention shift. Because the responses after saccades were evoked by memory of the visual stimulus that had gone in paradigms II and III, the RF remapping of the MST neurons was considered to be retrospective rather than predictive.
Two questions arise: how (or where) the stimulus that had preexisted in postsaccadic RFs is stored, and how (or from where) the saccade information that triggers recall of the stored visual information to be remapped is acquired. For the first question, one possibility is that MST neurons receive visual information from neurons with RFs that are fixed in spatiotopic, rather than retinal, coordinates. Electrophysiological studies have shown that neurons in area V6 (11), the ventral intraparietal area (VIP) (12) have RFs represented as spatial locations explicitly in a headcentered frame of reference. Both V6 and VIP have anatomical connections to MST and receive their visual input mainly from MT (7, 13, 14) . The neural correlates of the visual information being maintained after its disappearance have yet to be studied in these regions, but we suggest that a saccade activates input providing maintained visual information in MST neurons with RF locations coinciding with the postsaccadic RF in spatiotopic coordinates. Another possibility is that MST neurons receive visual information in the postsaccadic RF (or future RF) before the time of a saccade. This so-called presaccadic or predictive remapping of RFs has been described in LIP (1, 15, 16) , FEF (2, 6), SC (17) (18) (19) , and some areas of the prestriate cortex (3, 20) . In these areas, neurons that had postsaccadic visual memory responses but not predictive remapping were also recorded (3, (21) (22) (23) . Because there are a considerable number of neurons showing predictive remapping in these areas, neurons with postsaccadic visual memory responses would receive maintained information of the visual stimulus from neighboring neurons. However, in the present study, we found very few neurons in MST that increased their activities in the future RFs before saccades. Thus, it is unlikely that visual responses elicited by predictive remapping before saccades were maintained in MST and recalled by saccades in spatiotopic coordinates. It is reasonable to assume that visual information in the future RF is provided by neurons in areas where both predictive and memory remapping have been frequently observed, such as LIP and FEF.
Regarding the second question, extraretinal signals coding eye movements in MST have been described. These signals are found during smooth pursuit (24) (25) (26) (27) or to modulate neuronal responses in relation to eye positions (28) (29) (30) (31) , but it is possible that the extraretinal signals also provide information on saccades in MST. Thus, the results of the present study suggest that visual information before the saccade is retained and localized in spatiotopic coordinates in the upstream visual area(s) and that extraretinal signals coding the saccade-vector trigger its representation as neuronal activity in MST. The recalled information that had preexisted and the renewed information after saccades would be integrated, thus allowing perception of the visual world as stable and continuous. This proposal is consistent with psychological experiments on human subjects showing spatiotopic integration of visual motion across saccades (32) , although there is a critical explanation on their study, claiming that they result from a nonspatial reduction in uncertainty (33) . Because our study did not require monkeys to make a decision, an experiment using similar visual stimuli (coherent/noncoherent random dots) might be necessary to directly compare our study to these psychophysical studies.
In previous studies (34), the neurons showing predictive remapping were mainly found in areas with a role in guiding quick, goaldirected motor actions such as saccades. The finding that only few neurons in MST showed predictive remapping before saccades is understandable in the view that this area has a different role, which is to perceive the visual world. The result that MST neurons responded to a stimulus located at the postsaccadic RF earlier than MT neurons (Fig. 5C) suggests that the recalled information might be used to fill the missing vision due to saccadic suppression in MT (35) and contribute to continuous and stable visual perception.
Materials and Methods
Animal Preparation. Two male rhesus monkeys (monkeys M and Y; Macaca mulatta) weighing 7 and 9 kg were used in this study. The Animal Care and Use Committee at Kyoto University approved all protocols as complying with the guidelines established in the Public Health Service Guide for the Care and Use of Laboratory Animals (36) . The procedures used in the study were similar to those described elsewhere (24, 37) . Standard methods were used to implant subconjunctival scleral search coils (38) , head-restraining devices, and recording chambers during aseptic surgery performed under general anesthesia with ketamine and pentobarbital sodium. The recording chambers were stereotaxically placed to allow for a dorsal approach to the parietal cortex in the vertical orientation (stereotaxic coordinates: anterioposterior, −2 to −4 mm; mediolateral, ±16-18 mm), guided by T1 magnetic resonance imaging.
Recording Technique and Visual Stimuli. The animal sat in a primate chair in a dark room with the head fixed by a head holder and facing a 19-inch CRT monitor (FlexScan T766; Nanao), which was located 30 cm in front of the eyes. Visual stimuli were presented on the monitor [1,280 × 1,024 pixels (60°× 50°); refresh rate, 100 Hz]. The period of exposure to the visual stimulus was monitored by a photodiode (Sharp; SBC111) attached to the CRT monitor. Further details of this procedure have been described previously (39, 40) .
Initial mapping of the cortex in the dorsal part of the superior temporal sulcus (STS) were made with hand-made glass-coated tungsten electrodes. MRI scans were used to confirm the location of the STS. Within the STS, MST or MT neurons were identified based on their location relative to the STS and their RF characteristics (41, 42) (see figure 1 in ref. 37 and supplemental figure 1 in ref. 25) . Single units were recorded with tungsten microelectrodes (Microprobe or FHC) via transdural guide tubes inserted in the grid hole using a guide-tube grid system (Crist Instruments).
Having isolated a visual motion-sensitive neuron, we determined the neuron's preferred direction by observing its responses to a moving randomdot pattern (with selection of a suitable field size for each neuron: 50°× 50°t o 2°× 2°) in eight directions (horizontal, vertical, and diagonal). We recorded the neuronal activity while the monkeys performed saccade/fixation tasks to map the location of their RFs. The visual stimulus was a sinusoidal grating pattern with spatial frequency of 0.6 cyc/°and moved at 20°/s vertically or horizontally, respectively. The orientation of the grating pattern was orthogonal to the neuron's preferred direction and always in parallel to the saccade axis. Because the CRT screen (60°× 50°) was divided into 20 strips (either horizontal or vertical) to map the location of the RF, the grating pattern occupied 1 of the 40 strips, which was horizontal (60°wide and 2.5°t all) or vertical (3°wide and 50°tall) (Fig. 1A) . When the center of the RF was outside the CRT monitor or the border of the RF could not be defined, further recordings were aborted. The neurons, which responded to the saccade to the target (FP2), were also excluded from further analysis.
Behavioral Paradigms. Three paradigms consisting of fixation/saccade tasks were designed. Paradigm I consisted of a simple fixation/visually guided saccade task (Fig. 1A) . Each trial started when a fixation point (FP1) appeared at the center of the screen. In the saccade trial, if the monkey maintained fixation in a 1.5°× 1.5°window for 400 ms, a saccade target (FP2) and a moving grating appeared at the same time as the fixation point disappeared. The saccade target was located at 10°eccentricity on the horizontal or vertical axis. The monkey had to make a saccade immediately after FP1 disappeared. Further recordings were aborted if monkey did not start the saccade by the time 300 ms after offset of FP1. To define the RF, a strip containing the moving grating was positioned at 1 of the 40 locations divided horizontally and vertically (Fig. 1B) . In the saccade task of paradigm I, the moving grating remained visible for 600 ms, including the entire time during the saccade. In contrast, in the saccade task of paradigm II, the moving grating was visible for 170 ms to make it vanish before the saccade onset ( Fig. 2A ). In the saccade task of paradigm III, the monkeys were required to have a delayed saccade (Fig. 3A) . FP2 came 300 ms before onset of the moving grating and offset of FP1. If the monkey broke fixation before FP1 was turned off, the trial ended without reward. To receive a fruit juice reward, the monkey was required to keep its eyes within 1.5°of FP1 (fixation task) or FP2 (saccade task) until the target disappeared. In paradigms II and III, because we rejected trials in which the saccadic latency was shorter than 170 ms, the analyzed data were taken when the animal did not see the visual stimuli during and after the saccades.
Data Collection and Analysis. All data analysis programs were written in MATLAB (MathWorks). Stimulus presentation and data collection were controlled by a personal computer using the REX system (43) . A time-amplitude window discriminator was used to identify spikes with a time resolution of 1 ms. Spike-density functions were calculated by convolving the spike trains with a Gaussian curve (σ = 10 ms) (44) . To evaluate the neuronal response, the firing rate of each neuron was averaged over a time period of 50-150 ms after stimulus onset or 50-150 ms after the saccade onset. The response latency was taken when the spike density function exceeded the mean plus 2SD of spontaneous activity and stayed above this threshold for the subsequent 25 ms. The details of the analysis were similar to those described previously (45) . To determine the response characteristics for each neuron, we examined the "location" of the visual stimulus that activated the neuron during paradigm II. As a result, we found that the RF moved from the presaccadic RF (RF1) to the postsaccadic RF (RF2) with changes of eye position due to saccades. The RF1 and RF2 were defined as spatial tuning of the neuronal responses measured from the average spike density from 50 to 170 ms after the stimulus onset, and that from 50 to 200 ms after the saccade offset in paradigm I, respectively. A sliding-window ROC analysis was applied to the spatial tuning of neural responses obtained from individual trials throughout the period of saccades in paradigm II (46) . The spatial tuning of neuronal responses to the stimulus located at 20 locations was measured within a 10-ms time window sliding at 1-ms steps for each neuron. Two ROC curves were obtained with each step: one as a classifier for stimulus in RF1 and the other as a classifier for stimulus in RF2. Then, the AUC was calculated for each ROC curve to compute the time course of the neuron's performance (25, 47) . To characterize the neuron's spatial tuning profile for each of the behavioral conditions, we quantified the neuronal responses to the moving stimulus located at 20 locations. We fitted a Gaussian function involving four free parameters to the neuronal responses obtained from individual trials over a time period of 50-150 ms after stimulus onset and 50-150 ms after saccade onset (Fig. S2) as follows:
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where B, A, θ 0 , and σ denote the baseline firing rate, maximal amplitude, optimal location, and tuning width, respectively (1).
The parameter values of the best-fit function were used to quantify the spatial tuning profiles. We defined the stimulus location inside and outside the receptive field (RF) as within the range between θ 0 ± σ 2 and out of the range between θ 0 ± 3σ 2 , respectively. We regarded a neuron as having significantly increased its firing rate if the mean response in the RF was larger than the mean plus 2SD of baseline activity out of the RF. As a robust test of statistical significance, we have used two-sided Wilcoxon rank sum tests between the mean responses inside and outside the RF.
Postresponse/Preresponse Ratio. To assess the influence of saccades on neuronal responses, we calculated a postresponse/preresponse ratio (defined as [(R post /R pre )] × 100%), where R post and R pre are the mean firing rates after the saccade (50-150 ms after saccade onset) and before the saccade (50-150 ms after stimulus onset), respectively (Fig. S3) . A small positive value (<100%) indicates that the response after the saccade is weaker than that after the stimulus onset. In paradigm I, when the moving grating was turned on in the RF (RF1) or brought into the RF by saccades (RF2), relatively similar responses were observed for neurons recorded in medial superior temporal (MST) area (n = 118, ratio = 89.7 ± 34.5%; median ± SD) and middle temporal (MT) area (n = 46, ratio = 90.7 ± 56.1%; median ± SD) (Fig. S3A , two-sided Wilcoxon rank-sum, P > 0.05). There were some neurons in both areas that had a small value of the postresponse/ preresponse ratio (50% or less), as they showed very strong responses to the onset of the moving grating but not as large responses when the saccade brought the stimulus into their RF. However, on average in paradigm I, the neuronal population responded to the stimulus similarly (∼90%) when the visual stimulus was turned on in the RF and when the saccade brought the stimulus into the RF.
In contrast, in paradigm II, when the moving grating was turned off before saccades, virtually no response was observed after saccade in MT neurons (n = 41, ratio = 10.2 ± 7.5%; median ± SD; Fig. S3B ). However, most MST neurons discharged when a saccade brought the location of the visual stimulus into their RFs, where the visual stimulus itself was no longer presented at that time. The mean amplitude of the neuronal response to the visual memory trace was weaker than that to the real stimulus (n = 98, ratio = 53.4 ± 34.5%; median ± SD; Fig. S3B ), significantly different from MT (two-sided Wilcoxon rank sum, P < 0.01). Similar effects of the saccades on the responses of MST (n = 42, ratio = 53.9 ± 26.1%; median ± SD) and MT (n = 12, ratio = 18.1 ± 5.6%; median ± SD) neurons were observed in paradigm III ( Fig. S3C ; two-sided Wilcoxon rank sum, P < 0.01).
Effect of Phosphor Persistence of the Cathode Ray Tube Display. In consideration of the effect of phosphor persistence of the cathode ray tube (CRT) display that might cause neuronal responses to the visual stimulus that had been turned off a while ago, we conducted additional experiments by using a mirror galvanometer system with a mechanical shutter (paradigms I-2 and II-2). The procedures used in the present study are similar to those previously described (2) .
The animal was seated in a dark room and faced a translucent tangent screen subtending 80°× 80°at the viewing distance of 40 cm. A red spot (the fixation point or saccade target, 0.3°in diameter) and a grating pattern were backprojected onto the screen by a light-emitting diode projector and a slide projector, respectively. The sinusoidal grating pattern with spatial frequencies of 0.6 cyc/°were moved with mirror galvanometers in the light paths (Fig. 1A) . To map the location of the RF, the moving grating pattern was presented in a narrow strip, which was horizontal (80°wide and 4°tall) or vertical (4°wide and 80°t all) as dividing the size of screen into 20 strips (either horizontal or vertical). An electromechanical shutter in the light path was used to turn the grating stimulus on and off (opening and closing time, <5 ms). The task sequence was the same between paradigm I and paradigm I-2 (Fig. 1A) . Between paradigm II and paradigm II-2, only the timing of the stimulus offset was different from each other. In paradigm II-2, disappearing the stimulus was triggered by saccade onset (Fig. 2A) . During the experiment, the saccade onset was defined as the time when the monkey broke the fixation and his eyes moved out from the 1.5°× 1.5°window.
We recorded 23 neurons in MST during paradigms I-2 and II-2. All of the neurons increased their activities after saccades, even when the visual stimulus had already gone [SI Text, Spatial Tuning Curves of the Neuronal Responses]. In paradigm I-2, the neuronal population responded to the stimulus similarly when the visual stimulus was turned on in the RF1 and when the saccade brought the stimulus into the RF2 (postresponse/preresponse ratio = 85.9 ± 39.8%; median ± SD; Fig. S4A ). When the moving grating was turned off before saccades in paradigm II-2, most MST neurons still discharged when a saccade brought the location of the visual stimulus into their RFs (postresponse/preresponse ratio = 70.8 ± 32.2%; median ± SD; Fig. S4B ). There was no significant difference between the results obtained by the CRT display ( Fig. S3 A and B) and the mirror galvanometers ( Fig. S4 A and B) (two-sided Wilcoxon rank sum, P > 0.05).
To compare with the results from the CRT display and the mirror galvanometer system, we applied the sliding-window receiver operating characteristic (ROC) analysis to the data obtained from individual trials throughout the period of saccades during paradigm II-2 (Materials and Methods). Fig. S4C illustrates the time course of the area under the ROC curve (AUC) as a classifier for the stimulus in RF1 and RF2. For MST neurons (n = 23), the AUC for RF1 increased after the stimulus onset and remained high before the saccade and then waned after the saccade, and the AUC for RF2 significantly increased after the saccade offset. The median AUC from 50 to 100 ms after the saccade offset was 0.88 ± 0.29 (Fig. S4D) . Thus, no significant difference was observed between the results obtained by the CRT display (Fig. 5B ) and the mirror galvanometers (Fig. S4D ) (twosided Wilcoxon rank sum, P > 0.05). Therefore, the results support the assumption that the responses after the saccade were evoked by the memory of the preexisted stimuli, but not by the persisted phosphor of the CRT display. 
